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ANALYTICAL STUDY OF LOSSES AT OFF-DESIGN CONDITIONS FClR 

A FIXED-GEOMEZRY TURBINE 

By Warner L. Stewart and David G. Evans 

SUMMARY 

An analytical  investigation was made to determine the  off-design 
loss characterist ics of a fixed-geometry turbine of wbfch the experimen- 
tal performance vas known: The method used in   the  analysis  was based 
on a method presented i n  a previous  report which assumed (a) a blade 
effective lo s s  parameter and (b)  t ha t  the  velocity normal t o  the rotor  
blade  entrance  angle was l o s t  as a total-pressure loss. The method 
used differed from t h a t  presented  in the reference  report i n  that 
(a) it util ized  continuity at the  blade throat,  a s t a t ion   j u s t  upstream 
of the   t ra i l ing  edge, and a s ta t ion   jus t  downstream of the   t ra i l ing  edge 
t o  obtain the flow conditions, and (b) a constant  taagential component 
of velocity was assumed between the  s ta t ions  just  upstream and just 
downstream of the trailing edge. 

Good correlation between the maly t ica l ly  and experimentally ob- 
tained performance was f o g d  over the  ent i re  map unt i l   l imi t ing  loading 
was approached. The discrepancy ne= limiting loading resulted from 
the   fac t   tha t   the  blade effective throa t  areas were not  equal t o  the 
measured throat  axeas. The large  decreaee in ef'ficiency a t  low-speed 
high  pressure  ratios and a t  high-speed l o w  pressure  ratios was found 
i n  the  analysis to be almost ent i re ly  due t o   t he   ro to r  incidence and 
turbine exit whirl losses. The rotor   exi t  shock losses were found t o  
have only a small effect  on the  turbine  efficiency; Wide ranges of 
rotor mean incidence angle and r e l a t ive   c r i t i ca l   ve loc i ty   r a t io  were 
obtained over the  raage of performance and greatly  affected the inci- 
dence loss. From the  resul ts  of the investigation, it was concluded 
that for  turbines  designed t o  operate  efficiently at more than one 
point, the design must compromise rotor incidence  angle and exit w h i r l  
losses. 

INTFiODUCTION 

In certain  turbine  applications, it is necessary t o  design the 
turbine t o  operate at more than one condition. For example, the 
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conditions imposed on a  turbine at take-off may be considerably  different 
from those imposed a t   f l i g h t  conditions, and the turbine  should  be de- s 

signed t o  operate  efficiently at these two points. It is of interest ,  
therefore, t o  know how the turbine  losses may vary  over  the  range of 
desired  operation  in  order  to compromise the  design such that an opthum 
turbine  for a specific  application can be obtained. 

An analytical  investigation was conducted at the NACA Lewis labora- 
t o ry   t o  determine the loss characterist ics of a fixed-geometry turbine 
whose performance was known. A comparison between the analytically and 
experimentally  obtained performance m e r  a wide rarge of operating con- 
di t ions could  be made t o  evaluate  the  analytical  results. The experi- 
mental  performance of the turbine chosen . .  is  presented in  reference 1. 

to 

M 
s 

The method of analysis used was similar t o  that presented i n  ref- 
erence 2 i n  tha t  the same c r i t e r i a  of effective  viscous loss and rotor 
incidence loss were used. The method presented  herein  differs from that c 

of reference 2 i n  t h a t  i t d o e s  not assume that the flow follows the  blade 
exit  angle at subcrit ical   pressure  ratios nor  does it assume Prasdtl- 
Meyer deflection  atsupercrit ical   pressure-ratios.  The method u t i l i zes  
a  flow cha r t  and uses  continuity at the blade throat, a s ta t ion just up- 
stream from the t r a i l i ng  edge, and a s ta t ion downstream of the t r a i l i ng  
edge as a basis. The method  assumes no change i n  tangential component 
of velocity from jus t  upstream of the t r a i l i ng  edge to- just  downstream 
of the  t r a i l i ng  edge. The turbine  to be analyzed was a mixed-flow tur- 
bine in that the mean radius  decreased from the rotor W e t  t o  the rotor 
outlet ,  and this w a s  a l s o  considered. Four types of losses were assumed 
in  the  analysis:  . (1) The sum of the nozzle and rotor  effective  viscous 
losses, which include the blading  viscous losses boundary-layer  sec- 
o n w y  flow  losses, and t i p  clearance  losses, (2) rotor  incidence  losses, 
(3) rotor   exi t  shock losses  (obtained  only at conditions above the  rotor 
choking point), and (4) exi t  w h i r l  loss. 

- 

.. - 

The purpose of this  report  i s  to   present   the  resul ts  of the ana- 
lytical   investigation of the  turbine of reference l to  indicate  the 
extent t o  which the  various  turbine  losses  e9fect the turb'ine efficiency 
over the range of performance. The variation in rotor mean re lat ive 
c r i t i c a l  velocity ratio and incidence angle Over the  range of performance 
analyzed will also be presented to  indicate the range of these variables 
encountered. The investigation was conducted  over a speed  range from 40 
t o  120 percent design speed and from a pressure  ratio of 1.4 t o  tha t  
corresponding t o  the turbine limiting work output  point. 

METHOD aF ANALYSIS 

Assumptions. -- The analysis conducted i n  t h i s  report made the two 
basic assumptions used i n  reference 2. Bese assumptions  are: . 
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(1) The sum of the blade loss due to   f r ic t ion , -  secondary flow, and 
t i p  clearance can be combined into an effective  viscous loss dependent 
on a blade loss parameter K. (All symbols are defined in appendix A. ) 
A value of IC i s  used i n  the analysis such that at design  speed and 
design  specific work output  the  analytically  obtained  efficiency  equaled 
t h e  experimentally  obtained  efficiency. 

(2) The component  of velocity normal t o  the blade M e t  angle is 

fairly reliable off-design performance has been  obtained a a d y t i c a l l y  
when these two assm#ACns are used. 

CEI l o s t  as a total-pressure loss. A s  indicated by references 2 ELnd 3 s 
0-a 

- 
The following  assumptions that differ from those i n  reference 2 are 

made : 

. 

. 

(1) Additional  stations a r e  used i n  the analysis. Figure 1 pre- 
sents the velocity diagrams and station  designations used in the analy- 
sis. These additional stations are s ta t ion  2 in the  nozzle and. s ta t ion  
5 in the rotor.  It is assumed that there is no change in tangential 
component of velocity from s t a t ion  2 t o   s t a t i o n  3 in the nozzle and from 
s ta t ion  5 t o   s t a t i o n  6 i n  the rotor.  

(2 )  A t  supercritical  pressure  ratios  across a blade row, continuity 
is used between s ta t ions 1 and 2 i n  the  nozzle asd stations 4 and 5 in  
the  rotor   to   obtain the supersonic  expassion. These fFrs t  two assump- 
t ions have been  used in the design of several  turbines  and the satie- 
factory performance obtained has indicated tha t  the a s s u q t i o m  are 
valid.  

(3) A shock loss corresponding t o  the supersonic  velocity a t  s ta t ions 
2 and 5 i s  assumed t o  occur. This is probably  higher than t h a t  expected 
experimentally. However, the high loss was assumed t o  determine whether 
shock losses have as appreciable  effect on the  turbine  efficiency. 

C h a r t s ,  graphs, a d  tables used in  calculations.  - A ser ies  of 
charts,  graphs, and tables was used t o   f a c i l i t a t e  the calculations of 
t he  turbine Derformance. The eqmtions used to  obtain  these  charts,  
graphs, and iables are presented i n  appendix B. 

Turbine characterist ics.  - The following  physical  characteristics 
of the  turbine and operating  conditions must be known or  assumed before 
the analysis is started.  The conditions used i n  the  analysis of the 
subject turbine are given as an example: 

(1) Turbine inlet   to ta l   condi t ions 

Tb = 518.4 ?R 
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pb = 2ll6 lb/sq ft 

( 2 )  Turbine annulus mea at stations 0, 3, and 6 

(3) Flow area  in  plane  perpendicular  to axis of rotat ion a t  stations 0" 
2 a n d 5  -rr)  

+ = 0.549 sq ft 

= 0.635 sq f t  

(4) Throat area at  stations 1 and 4 

A, = 0.317 Sq f t  a 

A4 = 0.459 sq f t  

(5) Mean radius   ra t io  at s ta t ion  0 

rdrt  = 0.850 

stations 1, 2, and 3 

rm/rt = 0.840 

stations 4, 5, and 6 

rdrt = 0.805 

(6) Rotor mean inlet blade angle  (see fig. 1) 

er,i = 15.4O . .  

( 7 )  Design mean  Wheel speed, specific work output, and rating 
efficiency  (efficiency .based on axial  component of total-pressure 
r a t i o )  
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Performance analysis  procedure. - The procedure used in   the   per -  

formance calculations can  be summarized as follows: A value of K must 
f i r s t  be obtained such tha t  at design speed and specific work output  the 
calculated  rating  efficiency agrees with the experimentally obtained 
efficiency. T h i s  was  done by assuming a ser ies  of K values,  calculat- 
ing the  specif'fc work output and rating  efficiency over  a range of points 
t ha t  span design  specific work output, and then  cross-plotting t o  obtain 
the  value of K t ha t  would yield design  efficiency at design  specific 
work output.  For this analysis it w a s  found t ha t  K = 0.400 gave the 
correct  rating  efficiency. Once K i s  known, a series of working 
curves i s  constructed t o  facil i tate  the  calculations.   Derivation and 
description of these  curves are presented i n  appenaix C. The calcula- 
t i on  of the performance map can then  proceed. The subject  turbine was  
investigated at 40, 60, 80, 100, a d  120 percent  desfgn speed and pres- 
sure   ra t ios  from 1.4 up t o  t ha t  corresponding to  the  turbine  l imiting 
loading point. A sample calculation i s  shown i n  appendix D t o   i l l u s -  
t r a t e  clearly the procedure used in calculating each point from a low 
pressure  ra t io  up t o  Unit ing '  loading for a given speed. The point 
selected  for  the sample calculation i s  that at which the rotor choked a t  
100 percent  design speed. The procedure f o r  calculating  the performance 
parameters t o  construct  the performance maps fs ale0 illustrated i n  
appendix D. 

RESULTS OF ANALYSIS 

Performance Map 

As discussed  previously,  the performance of the subject turbine was 
obtained  analytically at 40, 60, 80, 100, and E O  percent  design speeds, 
and at pressure  ratios from 1.4 to that corresponding to   the  l imit ing 
loading point.  Figure 2 presents  the  analytically obtaSned performance 
map. The equivalent  specific work output is shown a8 a function of the 
weight-flow - speed parameter  (product of equivalent weight flow and 
equivalent rpm) . Lines of constant  rating  total-pressure ratio (based 
on axia l  component of turbine exit velocity),  percent design speed, and 
ra t ing  eff ic iency  we shown as parameters-  For  comparative  purposes, 
the   wer imenta l ly   ob tabed  performance of this turbine is shown i n   f i g -  
ure 3 (data from ref .  1). It can be seen tha t   t he  two performance maps 
are  very simila;r even at speeds and pressure  ra t ios   far  removed from the 
design  point. The specific work output at  the  turbine  limiting  loading 
point i s  seen t o  be somewhat higher  analytically  than  that  obtained 
experimentally. The significance of this will be discussed  later. 
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Included on the analytically obtained performance map (f ig .  -2) i s  
the  rotor choking l ine.  It can be seen that once the  rotor choked, the 
additional  specific work output-up t o  the limiting  loading  point w a s  
quite limited.. Thus, fo r  staadard r o t o r s   i n  which the  flow  passages 
converge t o   t h e  exit, U the turbine i s  designed for   the  rotor   to  choke, 
it will, of necessity, be operating  close t o  the limiting loading point 
because of the high Mach  number level  at- the  rotor exit: Hence, the 
design of a turbine of this type will be c r i t i c a l  from a limiting load- 
ing  standpoint. 

- 
.. 

. ." 

Variation of Losses Over Performance Range Investigated 

The ef fec t  of the  various  turbine  losses assumed in   the  turbine 
analysis on the  turbine  efficiency was calculated  for the subject  turbine 
over the performance range investigated. Before presenting  these re- 
s u l t s ,  a comparison of the  anaLyLically and exgerimentally obtained 
rating  efficiency w i l l  be presented i n  order that a better  evaluation of 
the  method of analysis can be made. 

" 
Comparison with experimental  results. - In   f igure  4 i s  presented 

the  effect  of the turbine losses on the  calculated  turbine  efficiency 
over the speed range investigated..  Efficiency is shown as  a function of 
8pecific.mrk  output. The lowest  curve on each pa r t   o f - th i s   f i gu re  
represents the variation of calculated rating efficiency with specific 
work output. Along with this curve are actual data points from the 
experimental  investigation of the turbine with design  ratio of nozzle t o  
rotor  throat  mea. Also included  are d-ata points  from  the same turbine 
but with an area r a t i o  3 percent less than design. A comparison between 
the analytically and experimentally  obtained  efficiency  using  design 
area  ra t io   indicates  good agreeinat  until  limiting  loading i s  approached. 
The turbine  with  the reduced area  ratio,  however, i s  i n   b e t t e r  agreement 
with the  calculated  efficiencies even up to the limiting loading point, 
indicating that the  effective area r a t i o  w a s  not-egual t o  the measured 
area ra t io .  This could  be caused by a large- boundary-layer  buildup 
within  the  rotor, ti@ clearance  effect, or other  reasons. These resu l t s  
indicate that the method of analysis used herein was  found to   predfct  
accurately the over-allAurbine performance .over a wLde range of sp-eeds 
and pressure  ratios and f a i l ed  only in  the  region of the  turbine  limiting 
loading  point. The good  agreerpent further s-uggests that t h e  analytical  
breakdown of the turbine  losses can be considered fairly  representative 
of the  actual breakdown.of losses. 

Nozzle and rotor  effective  viscous  losses. - The effect of the 
nozzle and rotor  effective viscous  losses on the analytically  obtained 
turbine  efficiency i s  shown in figure 4. Theee losses  represent a l l  
losses  other than incidence  losses,  exit whirl losses, and shock losses. 
They thus  include secondary flow  losses,  tip  clearance  losses, and actual 
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blade  viscous  losses. Although these  losses  probably  vmy over the map, 
the  close agreement of the  analyticaJ and experimental rating  efficien- 
c ies   indicates   that  assuming an effective  viscous loss i n  accordance 
with  the assumptions used in the analysis. ylelds  reasonable  results. 

A t  each of the   f ive  speeds, the  efficiency,  considering  the  effec- 
t i v e  viscous loss only, increases as the   specif ic  work output is  in- 
creased and can be at t r ibuted  to   the  higher   level  of specific work out- 
put. The efficiency  variation  occurring as a r e s u l t  of effective  viscous 
loss  ranges between 0.79 and 0.89 

- 

Rotor incidence loss. - The rotor  incidence 106s was found t o  have 
a pronounced effect on the  efficiency over the performance map. A t  40 
percent  design speed and high specific work outputs  (f ig.   4(a)),   the 
rotor  incidence loss i s  seen to  contribute  greatly t o  the l o w  turbine 
efficiency and represents  as much a s  18 points loss in efficiency. T h i s  
high loss i s  due to a conhination of high positive  angle of incidence and 
high re la t ive   c r i t i ca l   ve loc i ty  r a t i o .  A t  speeds  approaching  design the 
incidence loss is  small, since  the  angle of incidence is low. A t  120 
percent design speed (fig. 4(e)),   the drop in  efficiency due t o  incidence 
loss i s  agdn  large  (as much as 15 points), but  occurs at a low specific 
work output. The lmge  loss in  efficiency in this region i s  m a h l y  due 
t o  the combination of the low work leve l  and high incidence  angle. 

Rotor exit shock loss. - In the calculations, it was assumed tha t  a 
normal shock loss corresponding t o  the  supersonic  velocity a t  s ta t ion 5 
(f ig .  1) occurred.  This i s  probably  greater than would actually exist 
in   t he  turbine, as a series of oblique shocks would be more l ikely  (see 
ref. 4, f o r  example). From f igure 4, however, it can be concludes that 
over the  ent i re  performance map, a loss in  efficiency due t o  shock is  
very small and can be a t t r ibu ted   to  the following: (a) The shock loss 
occurs  only a t  high specific work output  levels, and (b) limiting loading 
i s  reached  before  the  velocities at s ta t ion 5 become excessive. 

Exit w h i r l  loss. - As would be eqected, the exit w h i r l  loss varies  
considerably over the performance map. A t  low-speed. high specific work 
outputs, the w h i r l  loss represents as much as 13 points loss in effi- 
ciency. A t  intermediate speeds, the loss decreases  substantially because 
the flow i s  close t o  axial. Then again at  high-speed low pressure 
ratios,   the loss due to whirl is  large. 

Variation  in Rotor Mean Angle of Incidence and Relative Critical 

0 Velocity  Ratio over  Performance Map 

The ro to r  incidence loss w a s  fauna t o  have a marked effect  on the  off-  
* design  characteristics of the  turbine. It is  therefore of in te res t   to   s tudy  



8 NACA RM EX06 

the  variation  in  incidence  angle and re la t ive   c r f t ica l   ve loc i ty   ra t io  over 
the range of performance inveatigated,  since the loss i s  a flznction of - 
both these variables. Figures 5 and 6 are  again  the  analytically ob- 
tained performance map showing contours of calculated  rotor  entrance 
c r i t i ca l   ve loc i ty   ra t io  and angle of incidence. The veloci ty   ra t io  
( f ig .  5) i s  seen t o  vary  considerably  over the performance range, from 
0.80 a t  low-speed high pressure  ra t ios   to  .a value  approaching 0.40 at 
high-speed low pressure  ratios. The velocity  ratio  contours are ver t ical  
after the  rotor chokes because  conditions  then remain fixed a t  the  rotor 
entrance. It might be noted tha t  the re la t ive   c r i t i ca l   ve loc i ty   ra t io  
would be considerably  greater at the hub and would probably exceed sonic !? 
conditions at low-speed high  pressure  ratios. 

ID 

In   f igure  6 i s  the performance m p  with contours of constant  rela- 
t i ve  angle of incidence. An extremely large variation i n  angle of 
incidence i s  seen t o  occur  over the map, from 30° a t  low-speed high 
pres8ure r a t io s  t o  -40° at high-speed low pres8ure rat ios .  The effect a 

of the angle of incidence i n  combination with the   c r i t i ca l   ve loc i ty   ra t io  
on the  efficiency w a s  sham i n  the previous  section  to be pronounced. 

DISCUSSION 

The method of analysis used herein was found to be satisfactory i n  
predicting the off-design performance of the subject  turbine. The re- 
su l t s  of the  analytical  investigation  indicated that the  decrease in 
efficiency at low-speed high  pressure  ratios and at high-speed low pres- 
sure r a t io s  i s  due mainly t o  rotor incidence and turbine  exit  whirl 
losses. Thus, it caa  be concluded tha t  if  a turbine must operate effi- 
c ient ly  at more than one cmdition, the turbine design must be R com- 
promise between turbine  exit w h i r l  and angle of incfdence t o  obtain an 
optimum design. For example, at l ow speeds, tihe rotor  incidence loss 
was found t o  have EL l a rge   e f fec t  on the  turbine  efficiency. Hence, if 
favorable  acceleration  characteristics were desired,  hprovements in 
efficiency at the low speeds  could be  obtained  by designing the turbine 
f o r  a negative  angle of incidence at the  design  point. The amall drop 
i n  efficiency at the  design  point due to  the  negative  incidence  angle 
would be  off-set by a considerable improvement in efficiency at the lower 
speeds. 

The loss in   eff ic iency due t o  shock at the  rotor exit was found in 
the analysis to be very mall. However, provision  for shock loeses 
should. be included in the  analysis, since- in the  calculations, although 
the loss i s  small, it can shift the limiting  loading  point  to R cer ta in  
extent. 

The one large  disadvantage of the  method used herein, as also 
occurred f o r  the method i n  reference 2, i e  that the  efficiency at one 
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point on the  performance map must ei ther  be known or  estimated  in  order 
to obtain the effective  viscous loss parameter K. However, for  a well- 
designed  conventional  turbine,  the loss  parameter K can be  evaluated 
on the  basis of a n .  e'stimated rating  efficiency between 0.87 and 0.90, 
and the   resu l t  should be  c lose  to   that  expected  qerimen-t;aJ-ly. 

It might be mentioned tha t  the a s l i c a t i o n  of the flow ch& and 
general  procedure can be used with  experimental loss parameters  deter- 
mined from  cascade studies. The calculations  involving  the  functions of 
K would then be replaced by the blade experimentally  obtalned losses. 
The dif'ficulty with this i s  that (a) the  loss  dist r ibut ion through the 
blade would still  have t o  be assumed, and (b) i f  the losses  are  obtained 
from  cascade results, there i s  no assumace that the blade would have 
similar losses in the  actual  turbine. 

cu SUMMARY OF RESULTS 
b 
." variation of losses over the performance map. The resu l t s  of the  anal- 
u The performance of a turbine was obtained  analy%ically t o  study  the 

ysis  are compared with the  experimental  results t o  evaluate  the  analyti- 
ca l  method.  The r e su l t s  of the  investigation are summarized as follows: 

(1) Good correlation between the  analytically and experimentally 
obtained performance was found  over the  ent i re  map until  limiting  loading 
was approached. The discrepancy  ne=  limiting loading w a s  appmently 
due t o  t he   f ac t   t ha t  the blade  effective  throat area w a s  not  equal t o  
the  physical  throat  area. 

(2) The r e su l t s  of the analysis indicated that the  decrease in 
efficiency a t  low-meed high  pressure ratios and a t  high-speed low pres- 
Bure r a t i o s  was due prFmarily to rotor inlet incidence and turbine  exit  
whfrl  losses. 

(3) Rotor ex i t  shock losses were found to have only a small effect  
on the  analytically determined rating  efficiency. 

(4) Rotor mean incidence angles from -ao t o  30' 8nd r e l a t ive   c r i t -  
ical   veloci ty  ratios from 0.40 t o  0.80 were found over the range of 
performance investigated. The combination of these  variables caused the  
w g e  incidence  losses at off-design o p e r a t a  conditions. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee fo r  Aeronautics 

Cleveland,, Ohio,  NoveIIiber 10, 1953 
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cV 

h 

i 

K 

M 

P 

r 

T 

U 

V 

W 

W 

r 

Sy14BoLS 

The following synibols are used i n  this report: 

f l o w  area, sq f t  

effective viscous loss parameter 
, r  

effective  viscous l o s s  pmameter 

.,. kr 
du&to blade 

( see  ref. 2) k+ 
specific  heat at constant  preseure, Btu/lb/% 

specific  heat at- constant- volume, Btu/lb/'R 

specific enthalpy,  Btu/lb 

incidence angle, deg (see  fig. 1) 

blade  effective loss pmameter (re") 

rotational speed, r p m  

pressure, lb/sq f t  

radius, f t  

absolute  teqperature, R 

mean blade velocity,  ft/sec 

absolute gas  velocity,  ft/sec 

relat ive gas velocity,  ft/sec 

weight flow rate,  lb/sec 

r a t i o  of specific heats,  %/cv 

0 

i n l e t  

exit 

velocity 

velocity 
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6 

€ 

%, i 
92 

t 

P 

r a t i o  of 
PgP * 

function 

i n l e t  

of T r  

NACA standaxd sea-level pressure, 

efficiency 

squared r a t i o  of c r i t i ca l   ve loc i ty  at turbine  inlet  t o  critical 
veloci ty   a t  NACA s tmara  sea-level  teqerature,  (v,/v&)~ 

rotor inlet blade  angle a t  mean radius ( see f ig .  1) 

defines angle sin”- (A~/+) 

shock l o s s  corresponding t o  velocity at s ta t ion 2 or 5 expressed 
as total-pressure ratio 

gas  density,  lb/cu f t  

Subscripts: 

ac 

am 

C 

cr 

isen 

rn 

r 

t 

U 

X 

above choking conditions 

annulus 

choking conditions 

conditions a t  Mach nuniber of unity 

isentropic 

mean radius 

re la t ive  

tip,  tangent t o  mean camber l i ne  

tangential  comgonent 

axial   coqonent 



l2 " 

0 nozzle inlet ( A g o  1) 

1 nozzle  throat 

2 station  Just   inside  nozzle trailing edge 

3 nozzle exity rotor  entrance 

4 rotor  throat 

5 s ta t ion  just  inside rotor t r a i l i n g  edge 

6 rotor  exit ,   turbine  exit  

SLlpersCriptS: 

1 absolute   total  state 

re la t ive  total state 

NACA standard .'conditions 

11 . . 

4 
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ro 
t- 
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APPENDM B 

Flow chart. - A most useful  chart   for obt- f l o w  conditions a t  
a point i s  sham i n  f igure 7. This chart relates the  three  velocity 
components and specific weight f l o w  in a nondimensional manner.  The 
equations used in  the  construction of the "t are 

The chart i s  f o r  a r P 1.4 and has e e a d y  been presented. i n  a rmmber 
of reports  (ref.  5, e.g.). The curves sham on f igure 7 will be d i s -  
cussed later. 

Incidence loss graph- - Figure 8 shows the  pressure loss as a func- 
t i on  of incidence  angle f o r  l i nes  of constant  cri t ical   velocity ratio. 
This  graph w a s  obtained as follows: For a given (W/W,) a ser ies  of 
incidence  angles was assumed and a value of (Wt/Wcr) ( component of 
restive cr i t ica l   ve loc i ty   ra t io  in direction of ro to r  mean  c-er l ine)  
was then  obtained by use of the  re la t ion 

For each value of (W/W,) and ( W t / w , >  3, values of ( p / ~ " ) ~  were 
obtained from reference 6. Finally, the  pressure loss due t o  incidence 
angle was obtained by the re la t ion  
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Pressure  ratio  enthalpy drop table. - Table I shows the total 
enthalpy drop as a function of total-pressure r a t i o  p;/p&. It was . obtained for y = 1.4 from the following equation using standard inlet 
conditions : 

where, f o r  the table, 

.. 



. 
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APPENDIX c 

NOZZLE AND ROTOR OPERATING CURVES 

Before begjllning the actual  performance calculations, it i s  benefi- 
c ia l   to   ob ta in  a series of working curves. 

Effective  viscosity loss curves. - When the value of the  effective 
viscosity loss pazameter IC i s  known, a c u v e  similar t o  that shown i n  
figure 9 can  be constructed  using the- following  equations, which r e l a t e  
the total-pressure loss parameters a and b to the total- to-s ta t ic  
pressure  ra t io  at the  blade inlet and exit, respectively, 

(See ref. 2 f o r  derivations.)  Figure 9 shows these parameters a8 a 
function of the cr i t ica l   ve loc i ty  r a t i o  for convenience of use. The 
re la t ion  between cr i t ica l   ve loc i ty   ra t io  and total-to-static  pressure 
r a t io  was  obtabed from reference 6. 

Blade throat and exit flow cwves. - The nozzle and rotor throat  
and exit flow conditions  are  superiqosed on the flow chart of figure 7. 
These curves are obtained as follows. 

For a given blade row, for -le, the  nozzle  blade row, the throat 
area Al, axial flow mea just inside  the  t raf l ing edge A2, and free- 
stream annulus axe& downstream of the blade row A3 must first be 
obtained from the  turbine geometry. After defining 

it i s  assumed that the f lar follows the angle 82 st stat ion 2 until 
the blade row chokes, (V/V,) P 1. Hence, f o r  assumed values of 
(V/V,),,  (Vu/V,)2 can be  obtained f r a  the   re la t ion  
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Curve A-B can then  be  plotted on f fgure 7 up t o  (V/V,) P 1. It i s  
then assumed tha t  

(&!2 = 

and f r o m  continuity, assuming no losses between stations 2 and 3, 

Hence, curve C-D can also be plotted  using  equations (C5) and (C6) . 
For (V/V,), > 1, the  loss  parameter b corresponding t o  (V/V,), 

a n d .  shock loss corresponding t o  (V/Vcr)2 must be considered in the  
calculations. The total-pressure drop across a blade row due t o  the 
effective  viscous loss is assumed t o  be dependent on (V/Vcr)o and 
(V/V,)3. However, once the blade i s  choked, any additional  pressure r) 

drop 3.6 f e l t  dawnstream of the  throat only. After  the blade chokes, 

c 

w = constant 

So at s ta t ion 2, . " 

A series of (V/V,)z i s  assumed to  obtain  the  supersonic  portion 
of the curves. Then for each (V/V,)2 a series of b3 i s  assumed. 
With the use of equation (C8) and the known condition at the choking 
point, (pV,/p 'Vm) can be computed and (Vu/Vc,)2 can be obtained 
from figure 7. Conditions at stat ion 3 can then be determined  with the 
aid of equations (C5)- and (C6) . The b3 assumed and the b3 obtained, 
from figure 9 and conditions at s ta t ion 3 must-be the same.  Hence, the 
supersonic  portion of the  curves can then be plotted.  For  the  turbine 
analped  herein,  supersonic  conditions a t  the nozzle exit were not en- 
countered. Hence, these  curves are not shown. Curves E-F and G-E are 
the  supersonic  portions of the rotor curves at stations 5 and 6, respec- 
t ively.  Curve J-K presents  the  operating curve for   the  rotor  and nozzle 
throat i n  the  direction of flow. 
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Nozzle effective  viscosity loss curve. - The nozzle  total-pressure 
r a t i o  %/b3 result ing from the  nozzle  effective  viscosity loss cas be 

obtained as a function of (VJV,),. For a given (Vu/Vcr) and the  
working curve (fig.  7') , (V/V,), can be obtained.  This value is then 
used t o  determine bg from figure 9. Continuity i s  then used t o  obtafn 
BO. Assuming a range of BO, (pVx/pfV,)o i s  obtained from the 
equation 

2 
'0 
w 

Since (vJv-) 0 - 
stat ion 0 i s  cmve 

r be used to   ob ta in  

0 at the  nozzle  entrance,  the working curve f o r  
3-K ( f ig .  7') . Hence, figure 7 and (pVx/pVcr) can 
(V/Vcr)o. The assumed % should  then check the 

corresponding to   (V /V- )~   ( f ig .  9 ) .  The nozzle  effective  viscosity 
loss curve for  the  turbine  aaalyzed herein is shown i n  figure 10 

I 

It might be noted  that  a working curve such a s  that shown i n  f ig-  
ure 10 cannot be used fo r  a blade row having a varying inlet flow  angle 
(such as a rotor  or  the second stage nozzle). 



18 

APPENDIX D 

SAMPLE C-ION 

NACA RM E53K06 

. 

The analysis of the  turbine  investigated Fn this repor t   a t  one 
operating  point will be  presented  here t o   i l l u s t r a t e   t h e  method used i n  
the performance calculation. The point chosen w a s  that  point where the 
rotor choked a t  100 percent  design speed. 

Nozzle exit conditions. - For a given speed a ser ies  of (Vu/Vcr)2 
i s  assumed and the performance calculated  until (W/W,)4 P I. A t  t h i s  
point, for  100 percent  design speed, 

= 0.768 

Then ca3 3 0.528 (f ig .  7) 

- 0.9533 (f ig .  10) '"0 

b3 

Rotor i n l e t  conditions. - For 100 percent  design speed, 

The relat ion between relative and absolu te   to ta l   t eqera ture  i n  
terms of absolute  quantities can be expreesed as 

Hence, using ( D l ) ,  (D4), and y = 1.4 i n  the  preceding  equation  gives 

c 
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B 0.768 - 0-620 

= 0.148 

-a 
i% 

So, from trigonometry and equatfons (D2) and ( D 6 ) ,  (e)3 = 0.549 (D7) 

The  component of relative velocity normal to  the  blade  entrance 
angle i s  assumed lost as &z1 incidence loss (same assumption as in ref. 
2 ) .  For the  turbine analyzed  herein, 

thus 

Using (D2) and (D6) gives - 

i = t m  " -1 0.148 15,40 
0 -528 

P 0.3 0 

Now 
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Equations (D7) and (D5) yield 

P 0-576 

N W  

By use of equations (D9) and (DlO),  

Figure 9 and. equation (Dll) give 

+,3 0.981 

NACA RM E53K06 

Rotor exit conditions. - For the  turbine  being analyzed, the m e a n  
radius   ra t io  changed from 0.84 at the  rotor  entrance t o  0.805 at the 
rotor exit; thus 

'' s - PI 0.958 0 805 
5 0.84 

Because the turbine mean radius  ratio  decreases from i n l e t   t o  exit, 
there i s  a relative  total-temgerature drop expressible by the  following 
equation: 

Hence, using t h i s  equation, (D4) ,  (D14)) and y = 1.4 gives 

w 

. 
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Using (D5) r e s u l t s   i n  
- 

21 

For this turbine 

-P *1 0.690 
*4 

Also, using equation (Dl) end figure 7,  (e)2 = 0-955 

Since  the nozzle i s  not choked, 

Hence, f igure 7 aSa the working curve for  station 1 are used t o  find 

0 1 
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The r a t i o  of re la t ive  total-pressure a t  s ta t ion 4 to   to ta l   p ressure  at 
s ta t ion 1 can be written . . . - . . . . . . 

In t h i s  equation,  everything i s  known except- br,6-  Various  values of 

br, 6 
that   obtdned with (W/W,), and figure 9. It was found t h a t   f o r   t h i s  
point 

are assumed to obtaln (w/wm)6* The assumed br,6 must check 

. . .  ". .. 

c 

Figure 7 i s  used t o  find 

Turbine exit  comlitions. 
(w/w,)6 is first  found: 

- To begin  the  turbine  exit-calculations 

e)3 5 x 'cr,6 

'6 'cr,3 

9 
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The r a t i o  of absolute t o  r e l a t i v e   t o t a l  temperature i n  terms of 
re la t ive  quast i t ies  can be expressed as 

8 
4 using this equation, (D25),  (D26), and r 1.4 
0, 

(T'/Trr)6 = 0.921 

so 

- 0.066 

From trigonometry and equations (D29) and (Dm), 

Performeace parameters. - (1) Specific work output: The equivalent 
specific work output is obtened fram the following equation: 

and since standard inlet canditions were  assumed, 
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From equations ( D E )  and (D27), 

T;/T; 0.921X 0.900 

Hence, 

= 21.28 Btu/lb 
6, 

(2)  Total-pressure  ratio based on axial component of velocity: Equa- 
t ions (D30) and (D31) and reference 6 give 

Also, 

Since at unchoked rotor  conditions p" 
6 

P p l  , equations (D3) , (D2O) , 
(D27), Eand (D33) can be used to  obtain 

(3) Efficiency based on axial component.--of velocity: Table I presents 
the  variation i n  the  equivalent"  specific work output &!/e,  with 
tots,l"pressure rat io .  T h i s  table  and (D35) are used tcrf ind 

(&'/em) isen 24.41 Btu/lb (D36) 

Hence, with (D32), 

YX = 21-3124.4 m 0.07 037)  

(4) Equivalent weight flaw: Conditions &-stat ion 3 were used t o  
obtain  the  equivalent weight flow. 
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Also, 

Hence, 
f 
8 wKff a 15.29 lb/sec 

" 6  

(5) Weight-f.low - speed. parameter : The weight-f low - speed parameter 
can be expressed as 

For this   point ,  

so 

Conditions above rotor  choking point. - The calculations  just  
described were for   the   ro tor  choking point. After the  rotor  has choked, 
all conditions  upstream from the rotor  throat  are  constant. Hence, a 
ser ies  of (W/W,)5 c m  be assumed. ug t o  the  l imiting loading point. 
From the working curves on figure 7, the  re la t ive  veloci ty  components at 
s ta t ion 6 can then be obtained and the  calculations continued, s ta r t ing  

ure 9, and the term b, can be obtained from reference 6. So, rewriting 
with (D23) The value Of br, 6 i s  obtained using (W/W,), and f ig -  

(D34) I 
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Since 

The va1ue"bf ~:,~/ph can then be Obtained;  otherwise, the method for 
calculating the.  performance is the aame as j u s t  described. 

. 
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ME?I!HOD OF OBTAINING EFFECT OF LOSSES ON TUFiBINE F " G  E F F I C ~ C Y  

Presented i n  t h i s  appendix i s  a sample calculation t o  i l l u s t r a t e  
the  method used in finding  the  effect  of the varrious losses on the  
rating  efficiency. The point used i s  again 100 percent design speed and 
the  rotor  choking point. From qpendix D, 8 

4 
QI 

From 

. This 

&'/ec, = 21-28 Btu/lb 

tab le  I, 

corresponds t0 q = 1.00, since no losses have been tntroduced. 

Efficiency  including  nozzle  effective  viscous loss. - 
PA/PA = bCJPk)isen b3/ag 

Equations (D3) (D33) me used -Lo -find 

p I/p' = 1.9295 X 1/0-9533 
0 6  

P 2.024 

From table  I, 

So 

= 0.939 

Efficiency  including  losses up t o  and including incidence loss. - 

,P 



From equations (El) and ( D l 2 )  

(p'/p') = 2.024X 1 
0 6  

I=I 2.024 

("'/ecr) isen P 22.66 

7 = 21.28/22.67 

q u 0.939 

Efficiency  including  losses up t o  and including  rotor  affecting 

By use of equations (E2) (D13), and (D19) 

E 2.146 

E3ficiency  including losses up t o  and including  rotor shock losses. - 
Since the rotor i s  jwt choked, there i s  no shock loss  at this point. 
Above the  rotor  choking point, however, the shock loss  would be  calcu- 
lated, and the  efficiency  including this los.6 would then be  obtained at 
this point   in  the calculations. 

From (E3) and (D33) , c 



pr /p l  = 2.146  x0.760/0.758 
0 6  

29 

m 

= 2.152 

q = 21.28/24.43 

0.871 

This i s  the  ra t ing  eff ic iency and should check the calculations  previ- 
ously made pe r tdn ing   t o   t he  performance map. 

1- Whitney, Warren J. , Stewart, W m e  L., and  Schum, Ha;rold J. : Inves- 
t iga t ion  of Turbines for Driving Supersonic Colqpreseors. N - 
Wee-Dimensional Flow Effects. NACA RM E5xO2, 1953. 

- Design and Performance of Second Configuration  Including  Study of 

2. Kochendorfer, Fred D., asd Nettles, J. Cary: An Analytical M e t h o d  
of Estimating  Turbine Perf'ormance. NACA Rep. 930, 1949. (Super- 
sedes NACA RM E8116.) 

3. Eaglish, Robert E., and Cavicchi, R i c h s r d  H.: Comgazison of Measured 
Efficiencies of Nine Turbine Designs with  Efficiencies  Predicted by 
Two Empirical Methods. NACA RM E51F13, 1951. 

4. Hauser, Cavour H., and Plohr, Henry W.: Two-Dimensional Cascade 
Investigation of the Maximum Exit  Tangential  Velocity Component and 
other Flow Conditions at the Ekit of Several Turbine Blade  Designs 
at Supercrit ical  Pressure Ratios. NACA RM E51F12, 1951. 

5. Pllpert, Sumner, azEa Litrenta, Rose M. : Construction and Use of 
Charts i n  Design Studies of Gas Turbines. W A  TN 2402, 1951. 

6. The Staff of the  Ames 1- by 3-Foot Supersonic Wind-Tunnel Section: 
Motes and Tables f o r  U s e  in the  Analysis of Supersonic Flow. NACA 
TIT 1428, 1947- 



30 NACA RM E53K06 

TABLE 1.. "TABULATION OF. CORRECTED  ENTHALPY DROP FOR VAEtIOUS VALUES OF 
PRESSURE RATIO (FOR y .I 1.4) 

T 
0 

7.67 
7.94 
8.21 
8.47 
8. 73 

8.98 
9.24 
9.49 
9.74 
9.9s 

10.22 
10.46 
10.70 
10.93 
11.16 

11.39 
11.62 
11.85 
12.07 
12.29 

1 2 . 3  
12.73 
12.95 
13-17 
13- 38 

13- 59 z::: 
14.22 
14.43 

14.63 
14. 83 

15.23 
15.43 

15-03 

15-63 
15.82 

16.20 
16.01 

16 0 39 

.001 

7.70 
7.97 
8.24 
8.50 
8.75 

9.01 
9.26 
9.51 
9.76 

10.00 

10.24 

10.72 
10.4s 

10.95 
11.19 

11.42 
11.65 
11.87 
12.09 
12.31 

12.53 
12.75 
12-97 
13-19 
13-40 

13.61 

z::; 
14.24 
14.45 

14.65 
14.85 

15.45 

15-05 
15-25 

15.6z 
15.8 
16.03 
16.22 
16.41 

.002 

7.72 
7.99 
8.26 
8.52 
8.78 

9 -03 
9.29 
9.54 
9.79 

10.03 

10.27 
10.51 
10.75 
10.98 
11.21 

11.44 
11.67 
11. 89 
12.11 
12.33 

12.55 
12.77 
12.99 
13.21 
13.42 

13-63 
12.84 
1 .05 
14.26 
14.47 

14.67 
14.  87 

15.27 
15.47 

15.07 

15.69 
15.8 
16.05 
16.24 
16.43 

9003 
7.75 
8.02 
8.29 
8. 55 
g. 80 

9.06 
9-31 
9.56 
9 .dl 

10.05 

10.29 
10.53 
10.77 
11.00 
11.23 

11.69 
11.92 

12.36 

12.58 
12.80 
13.02 

11.46 

12.14 

13*Z 13 

z::; 
13.65 

14.28 
lk. 49 

14.69 
14. 89 

15.29 
15.49 

15.69 
15: 89 
16.07 
16.26 

15.09 

16.45 

7.78 
8.04 
8.31 
8.57 
8.83 

9.08 
9.34 
9.59 
9.84 

10. og 

10.32 
10.56 
10.79 
11.02 
11.26 

11.49 
11.71 
11.94 
12.16 
12.38 

12.60 
12.82 
13.04 
13.25 
13.46 

:;:,": 
I .09 
14.30 
14.51 

14.71 
14.91 
15.11 
15.31 
15-51 

15-71 
15.90 
16. og 
16-28 
16.47 

.005 
7.80 
S.07 
8.34 
8.60 
8.85 

9.11 
9.36 
9.62 
9.86 

10.10 

10.34 
10.58 
10.81 
11.05 
11.28 

11.51 
11.74 
11.96 
12.18 
12.40 

12.62 
12.84 
13.06 
13.28 
13.49 

- 

;;:; 
1 .12 
14. 32 
14.53 

i4.93 
15.13 
15.33 
15.53 

15- 72 
15-91 

14.73 

.006 
7.83 
8.10 
8.36 
8.62 
g.88 

9.14 
9.39 
9.64 
9.88 

10.12 

10.36 
10.60 
10. s4 
11.07 
11.31 

11.54 
11.76 
11.98 
12.20 
12.42 

12.64 
12.86 
13.08 
13.30 
13-51 

- 

13-72 
1 9  

14.34 
14.55 

14.75 
14. 95 
15.15 
15.35 
15.55 

15.74 
16.12 

16.50 

1:: lrf 

15.93 

16.31 

-007 
7.  86 
8.13 
8.39 
8.65 
g . 9  

9.16 
9.42 
9.66 

10.15 
9.91 

- 

10.39 
10.63 
10. t56 
11.10 
11 33 

11.56 
11.78 
12.00 
12.22 
12.44 

12.66 
12.88 
13.10 
13 32 
13.53 

13-74 

z: 3 
14.  36 
14.  57 

14.77 
14. 97 

15.37 
15.57 

15.76 
16.14 

16.52 

15-17 

15.95 

16.33 

.ood 

7.99 
8.15 
g.42 
g.6g 
8.93 

9.19 
9-44 
9.69 
9.93 

10.17 

10.41 
10. b5 
10.88 
11.12 
11.35 

11.58 
11.81 
12.03 
12.25 
12.47 

12.69 
12.91 
13.1; 
13.3 
13.55 

13-76 

14 .9  
14.59 

14. 79 
14. 99 

15.59 

15 m 19 
15-39 

15.78 
16.16 

16.54 

15-97 

16.35 

- 
-009 
7.91 
8.18 
8.44 
8.70 
8.96 

9 . a  
9 . h  
9-71 
9.96 

10.20 

10.44 
10.68 
10.91 
11.14 
11.37 

11.60 

12.27 

11. 83 
12.05 

12.49 

12.71 
12-93 
13-15 
13.36 
13.57 

13-78 1k.99 
1.20 
14. 40 
1% 61 

1% 81 
15.01 
15.21 
15.41 
15.61 

15.80 
15.99 

16.37 
16.18 

16.56 

w 

m 
E: 
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pb 

pk -. I 
- 

1.6% 

1.67 
1.6 

1.68 
1. 69 

1.70 
1.71 
1.72 
1-7$ 
1.7 

1.75 
1.76 
1.77 
1.78 
1.79 

1.80 
1.81 
1.82 
1.83 
1.84 

1. 85 
1.86 
1.87 
1.88 
1.89 

1.90 
1.91 
1.92 ::32 
1.95 
1.96 
1.97 
1.98 
1.99 

2.00 
2.01 
2.Q2 

2.02 2.0 

7- 

0 

16.58 
16.77 
16 .96 
17.14 
17.32 

17.49 
17.66 
17-83 
18.00 
18.18 

1g.35 
18.52 
18.69 
18.86 

- 

19.04 

19.21 
19 38 
19.54 
19-71 
19.88 

20.04 20.20 
20.3b 
20.52 
20.68 

20.84 

21.1 

21. 

21.59 

21.88 
21.73 

22.03 
22.18 

20.92 

n*f3 

22-23 22. 7 
22.61 
22.75 
22.90 

.001 

16.60 
16.79 
16.98 

17.33 

17-51 
17.68 
17-85 
18.02 
18.20 

la. 37 
18.54 

19.06 

19- 23 
19.40 
19.56 
19-73 
19-69 
20.06 
20.22 
20.38 
20.9 x). 70 

20.85 21.00 
21.15 

a. 5 

21.60 

17.16 

18.71 
18. 88 

21*r 
21.75 
21.90 
22.05 
22.20 

22-$ 22. 
22.62 
22.77 
22.91 

,002 

16.62 
16.81 
16.99 

17.35 

17- 52 
17.69 
17.86 
18.04 
18.21 

18.39 
18.56 
18 73 
18. go 
19 07 

17.18 

19.24 
19.41 
19 57 
19.74. 
19 91 
20.07 
20.24 
m.40 
20.55 
20.71 

20.86 
21.02 
2l.17 

a. 7 

21 . 62 
21.76 
21.91 
22.06 
22.21 

22.36 
22.50 
22.64 
22.78 
22.93 

21-% 

16.64 

17.01 
16. 83 

17 19 
17.37 

17-54 
17-71 
17.88 
1a.05 
18.23 

18.40 
18 57 
18-74 
18.91 
19-09 

19.26 
19-43 
19.59 
19.76 
19-93 

20.09 
20.25 
20.41 
20.57 
20.73 
20. gg 
21.03 
21.18 

21. b 

a. 63 
21.78 
a - 9 3  
22.08 
22.23 

n.23 

22.37 
22.51 
22.65 
22.80 
22.94 

Ah' 

.004 

16.66 
16.85 
17-03 

17-39 
17.U 

17.56 
17.73 
17 - 90 
18.07 
18.25 

18.42 
18.59 
18.76 
18.93 
19.11 

19.28 
19.44 
19.61 
19-78 
19 -94 
20.10 
20.26 
20.42 
20.58 
20.74 

20. s9 
21.05 
21. M 
21.35 
21.50 

21.65 
21.72 

**OZ 22.2 

21.9 

22- 39 
22.53 
22.67 
22 .q  
22.96 

9 cr  

.005 
- 
16.Q 
16.86 
17 05 
17- 23 
17  .b 

17.57 
17.74 

18.26 

17-92 
18 009 

18.43 18.60 
18.78 
18 -95 
19.12 

19 29 
19.46 
19.63 
19. a0 
19 36 
20.12 x). 28 
m.44 
20.60 
20.76 

20.91 
P.06 
21.22 

3 ;  
21.66 2l.a 
a. 96 
22.11 
22.26 

22.40 
22.54 
22.68 

22.97 
22.83 

- 
.006 

16.69 
16.8s 
17-07 
17 25 

- 

17.42 

17.59 
17-76 
i7.93 
18.11 
18.28 

18.45 
18.62 
18.80 
18 97 
19.14 

19-E 19 . 
19.64 
19.a 
19.98 
20.14 

20. 
20.62 
20.78 

20.93 
21.08 
21.23 
a m 3  
21.53 

21.67 
a . g 2  
21.97 
22.12 
22.27 

2O.z 

22.41 
22.55 
22.70 
2 2 s 4  
28.99 

- 
-007 

16.71 
- 
16.90 
17-09 
17 27 
17 

17.61 
17-78 
17-95 
18.13 
1s. 30 

18.47 
18.64 
18.61 
18.99 
19.16 

19-23 

19.66 
19.  9 

19.83 
19.99 

20.15 

20.63 
20.79 

20.94 
21.09 
21.24 

20. " O * P  7 

2 %  
21.69 21. 84 
n .99  
22.14 
22.29 

22.43 
22.57 
22.71 
22-65 
23.01 

.Om 
16.73 
16.92 
17.10 
17.28 
17.46 

17.63 
17.80 

18 .14 
17.97 

18.32 

18.49 
18-66 
18. g3 
19.00 
19.18 

19 35 
19 . 51 
19.68 
19.85 
20 -01 

20.17 

20. 9 
20.65 
2Q.m 
20.96 
21.11 
21.26 
U.41 21.56 
21.71 
2 ~ 6  
22.01 
22.16 
22.30 

22.44 
22-56 
22.72 
22.87 
23 9 03 

20.23 
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.I 

TABLE I. - Continued. TABULATION OF CORRECTXD ENTHALPY DROP FOR VARIOUS 

pd 
PA - - 

2.05 
2.06 
2.07 
2.08 
2.09 

2.10 
2.11 
2.12 

2*11: 2.1 

2.15 
2.16 
2.17 
2.18 
2.19 

2.20 
2.21 
2.22 
2.2 
2. 2z 

2.25 
2.26 
2.27 
2.28 
2.29 

2-30 
2.31 
2.32 

;$ 
2.35 
2.36 
2.37 
2.3g 
2-99 

2.40 
2.41 
2.42 
2.43 
2.44 

r 
VALUES OF PRESSURE RATIO (FOR y = 1.4) 

Ah ' D m  
1 

0 .ow 
23.10 
23.24 
23.37 
23.51 
23.64 

23476 

2 .06 
2% 19 
24.32 

2z.92 

24.46 
24.59 
24.72 
24.66 
24.99 

25.12 
25-25 
25-38 
25.50 
25-65 

25.75 
25.8g 

26. 

26.38 
26.50 
26.62 
26.74 
26.87 

26.99 
27.11 
27.22 
27. 
27 

27.57 
27.68 
27. g0  
27.91 
28.02 

-005 .007 

23.14 
23.28 
23.41 

- 
23.55 
23.68 

2jrg2 
22.96 
2 .10 
2%  23 
A. 36 

24.63 
24.76 

24.50 

24-90 
25.03 

25.16 
25-29 
25.41 
25.54 
25.66 

25.79 

26.04 
25-92 

26.17 
26. a 
26.41 
25.53 
26:66 
26. is 
26.90 

27.02 
27.14 
27.26 
27 37 
27.49 

27.61 
27.72 
27 * g t  
27.9 
28.05 

e 0 0 8  
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TABLE I. - Continued. T-ULATION OF CORRECTED ENTHALPY MOP FOR VARIOUS 
V a t U E s  OF PRESSURE: RATIO (FOR y = 1.4) . 

I 
PO - 

4 

2.45 
2.46 
2.47 
2.u 
2.49 

2.50 
2.5l 
2.52 

2% 
2.56 
2. 55 

2.57 
2.58 
2.59 

2.60 
2.61 

2 . 6 ~  
2.6 

2.65 
2. 66 

2.69 

2.62 

2.67 
2.68 

2.70 
2.71 

;:; 
2.1 

2.75 
2.76 
2.77 
2.78 
2.79 

2.80 
2.81 
2.82 

2. 84 
2-63 

l- Ah - 
-004 

28. 
28 57 

213.68 
28.79 
2g. 90 29.00 
29.11 

29 . 22 

2 g 0 z  29 
29.54 
2% 64 

29.75 
29.85 
29.96 
30.06 
30.16 

9.26 

3 0 *  7 
30.57 
9 . 6 7  

30.77 
30.87 
30.97 
31-07 
31.16 

31.26 

31. 6 

3 . 6 5  

31.74 
31-83 
31 93 
32.02 
32.11 

31f6 

31.55 

- 
.w6 

'1 
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TABLE I. - C o n c l u d e d .  TABULATION OF CORRECTED ENTHALPY DROP FOR VARIOUS 
VALKES OF PRESSURE R A T I O  (FOR y n 1.4) 

pe, - 

2.85 
2.86 
2. S7 
2.88 
2.89 

2.90 
2.91 
2.92 
2-93 
2.9 

2.95 
2.96 
2.97 

2.99 

3.00 
3.01 
3.02 

3.0 

2.98 

3.0;: 

.w5  
32.22 

32.48 
32.58. 

32*g 
32 

32.67 
32.8 
3 2 . 3  
33 

33.13 
33.22 
33.31 

33. 

33.57 
339 66 
33 74 
33.82 
33 90 

32.7; 

3 3 . z  

.w7 .ws 

3 2 . 3  
32.98 

33 33 07 

33.15 33.15 
33.23 33-24 
33* 32 33 33 
33.31 33.32 
33.50 33.5'1 

js;:;z 1 :::$ 33.59 33.59 

3 3 . a  33.84 
33.92 33.93 

1 
w 
0 
m 
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Figure 3. - Experimental perfmme~ce of turbine (data frm ref. I). 
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Figure 4. - Effec t  of various losses on efficiency. 
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Figure 4. - Continued. Effect of various losses on efficiency. - 
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Figure 4.  - Continued. Effect of various losses on efficiency. 
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(d)  100 Percent design  speed. 

Figure 4.  - Continued. Effect of various losses  on eff ic iency.  
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( e )  120 Percent design speed. 

Figure 4.. - Concluded. Effect- of v a r i ~ s  losses on e f f i c i e n c y .  
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Figure 5. - Performance map showing variation i n  calculated rotor entranae critical 
velocity ratio at mean section. 
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Figure 6 .  - PerfMmnce map ahowing varl%tlon in rotor incldence angle at mean 
section. 
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Figure 8. - Variation on total-pressure loss wlth blade  incidence angle. Rotor  inlet  critical  velocity 
ratio sham 88 parameter. 

. I  

, , .  

I 
. . . . . . . 

. .  

I . 
I . :  .: I i 9 M E  . .  . .  



. .. "3076' . 

1.0 1.1 1.2 1.3 

. .  



I 
1 

. . . .  ,, 9LOE . , 




